Field foresters have long required a method of accurate measurement of perimeter and area during forest management activities. Perimeter and area assessments that can be derived from individual waypoints collected via global positioning system (GPS) units can be an expensive endeavor. A question of concern for practicing foresters is as the cost of GPS units increase does the accuracy of waypoints and any derived perimeter and area assessments also increase? This research evaluated whether the dynamic collection of waypoints using consumer-grade GPS units ranging from $50 to $700 provide a sufficient level of accuracy for the calculation of perimeter and area under three types of canopy cover: a newly established 3-year-old pine plantation, a 13-year-old pine plantation nearing first thinning, and a 40-year-old mixed pine/hardwood stand. Perimeter and area accuracy was not related to cost indicating that inexpensive GPS units provide an accurate waypoint location when used to derive perimeter and area measurements. When compared to a professional survey of each cover type, the average perimeter root mean square error (RMSE) ranged from 18.72 ft (0.41% of total perimeter) in the 40-year-old mixed pine/hardwood stand to 108.50 ft (2.43% of total perimeter) in the 13-year-old pine plantation. The average area RMSE observed ranged from 0.07 acres (0.22% of total acreage) in the 3-year-old plantation to 1.32 acres (4.67% of total acreage) in the 13-year-old pine plantation. For many forestry applications needing a perimeter and acreage assessment, these levels of accuracy should be more than sufficient.
T he first commercially available global positioning system (GPS) unit, the Texas Instruments TI-411, was introduced in 1982. This GPS unit was barely portable, weighing 53 pounds and measuring 14.7 ϫ 7.5 ϫ 8.5 in. The hardware retailed for $119,000, and postprocessing hardware and software cost another $19,000 (Smithsonian 2009 ). The GPS unit was capable of tracking four satellites at a time and was theoretically accurate to around 14 m; when differentially corrected, it could be accurate to 2-5 m. In 1989, Magellan introduced the world's first consumer GPS unit, the NAV 1000. A rather large GPS unit by today's standards, it measured 7.5 ϫ 2.5 ϫ 2 in. and weighed almost 2 pounds. It was a single channel receiver, capable of tracking only four satellites, was accurate to 30 -45 m, and cost nearly $2,500 (Ashtech 2010). By comparison, the Garmin Oregon 300 released in 2008 measures 4.5 ϫ 2.3 ϫ 1.4 in., weighs 6.8 ounces, is a 20-channel receiver capable of receiving all visible satellite signals simultaneously, and has a stated accuracy of less than 5 m. The manufacturer's suggested retail price for this GPS unit is $500, but it may be found in the $250 -$350 price range (Garmin 2009 ).
Great strides have been made, and continue to be made, in the area of affordable consumer-grade GPS units. Advances in storage capacity, processing power, and display resolution have exponentially increased the power and capabilities of these devices. While submeter-mapping-grade and centimeter-level survey-grade GPS devices are available for use in forest applications, they can be cost prohibitive, especially for many smaller companies. With the ability of many consumer-grade GPS units to incorporate real-time Satellite-Based Augmentation System (SBAS) signals such as Wide Area Augmentation systems (WAAS), the opportunities for the use of such devices in forestry present themselves. Furthermore, recent advances in receiver technology, such as the highly sensitive SiRFStar III GPS microcontroller chip that is incorporated into many of today's consumer-grade GPS units, claim to have great advantages over previous GPS chipsets under a closed canopy forest (Sirf Technology 2009) . Wing and Eklund (2007) listed several common limitations of consumer-grade GPS receivers, including the inability to set minimum standards of satellite geometry for data collection, a data storage limit of 500 coordinate pairs, and the inability to differentially correct data. Two of these limitations still exist in most consumergrade GPS units, with some exceptions. The Delorme Earthmate Blue Logger and Trimble Juno ST both have the ability to differentially correct data using relevant software. Unfortunately, that software is currently unavailable for the Delorme Earthmate Blue Logger and expensive enough to put it out of the range of the average forester in the case of the Trimble Juno ST (Trimble 2009 ).
There were two defining moments that increased the accuracy of consumer-grade GPS units. The first was when selective availability was turned off on May 1, 2000 (PNT 2010). The second was WAAS, which was implemented for testing in 1999 and became generally available on May 10, 2009. The combination of these two events with the advances in computing power and design of the GPS units themselves has increased the accuracy of these GPS units from around 20 -100 m in the worst conditions to approximately 2-5 m in most cases and has made them a staple of most practicing foresters (FAA 2010) .
Survey and mapping grade GPS receivers can provide the accuracy and precision required by field foresters but are often prohibitively expensive and cumbersome for day-to-day use. Consumergrade GPS units are very portable and relatively inexpensive, but they lack the accuracy and precision that is available on the highergrade GPS units. Static or fixed data collection has advantages in the mapping of features in forest settings while the dynamic collection of points is particularly suited to efficient mapping of curvilinear features like a clearcut or streamside management zone (SMZ) (Linehan 2006) . As access to consumer-grade GPS units in forest management activities is more common than access to more expensive grades, understanding the accuracy of these GPS units in a dynamic setting becomes more important, allowing a user to use the GPS units to the fullest capacity for perimeter and area calculation.
In addition, perimeter and area calculated from uncorrected waypoint data or simplified waypoint data where extraneous waypoints have been excluded or smoothed to represent the curvilinear nature of any collected polyline need to be considered. The major concern to a practicing forester is what type of GPS unit will provide the level of accuracy required for most field applications and will the accuracy of GPS collected waypoints and any derived length and area measurements increase as the cost of GPS units increase?
Background

GPS in a Forested Environment
The use of a GPS unit in a forest environment presents many challenges. The canopy blocks and degrades satellite signals and tree structure introduces multipath error. Studies that have examined this effect concentrated primarily on horizontal accuracy of GPS units at a stationary point under varying types of forest canopy. Sigrist et al. (1999) found that canopy has a definite effect on horizontal and vertical positioning accuracy and the relation appeared to be exponential; a small increase in canopy density resulted in a substantial increase in error. Hasegawa (2003, 2006) found that horizontal positioning accuracy and precision errors were highest in areas of dense canopy cover (Ն 70%) and lowest in areas of sparse canopy cover (Յ 30%). Wing et al. (2005) found that consumer-grade GPS receivers were accurate within 5 m under open sky, 7 m under young canopy, and within 10 m under closed canopy in western Oregon. A study by Bolstad et al. (2005) confirmed the ability of GPS receivers to achieve locational accuracy with average errors of 6.5 and 7.1 m within dense forests in Minnesota that was within 10 m reported by Wing et al. (2005) . Piedallu and Gegout (2005) tested three mapping-grade GPS units and one consumer-grade GPS unit and found that denser cover and bigger diameter stems caused a deterioration of accuracy. Zheng et al. (2005) evaluated the static performance of a mappinggrade GPS under three different canopy closure levels in the Pacific Northwest and found that canopy density can significantly affect the positional accuracy of GPS receivers at the P ϭ 0.01 level. Rodriguez-Perez (2007) evaluated four consumer-grade GPS receivers and indicated differences under varying forest canopy cover and found significant differences in the models.
Dynamic GPS Collection Method
Dynamic GPS collection is a method of taking GPS measurements at a specified timed interval while the operator moves along the feature to be mapped. This differs from a static or "point to point" method of mapping a feature in which the operator collects a stationary point on the traverse for a specified period of time then moves on to another point along traverse and collects another stationary point without collecting data while en route from one traverse point to another (Figure 1 ). The static method of mapping is useful and often employed for mapping of simple polygons where high accuracy is required. However, it is time and cost prohibitive for large irregular polygons and curvilinear features such as a stream or road (Tachiki et al. 2005 ). A field study conducted by Yawn and Holley (2006) suggests that area calculation with dynamic point collection utilizing mappinggrade GPS units under forest canopy is within a usable range (error being under 3%). While the units were classified as mapping grade for the purposes of their field study, they exhibited similar technical specifications to the units used in this study and fall into the price range specified as consumer grade.
In 2002, the Missouri Precision Agriculture Center compared the accuracy of a consumer-grade GPS unit with WAAS enabled to a mapping-grade GPS receiver for the purposes of crop yield mapping. The consumer-grade unit showed a relative positioning difference of 7.9 ft compared to the mapping-grade unit. The crop yield maps produced from each GPS unit's data showing variability and yield showed no visual differences, and management zones interpolated from the data showed 65-80% similarity between the two GPS units (Shannon et al. 2002) .
Real-Time Differential GPS
SBAS is a collection of satellite systems that provide real-time corrections data to GPS receivers. The system in use in North America is WAAS, which consists of 38 ground reference stations in the United States, Canada, and Mexico. The stations monitor GPS satellite data and transfer that data to three master stations that then upload correction messages (error) to multiple geosynchronous satellites. These satellites in turn distribute the correction message to GPS receivers that can apply the real-time corrections in the field to increase waypoint accuracy (Arnold and Zandbergen 2011, FAA 2010) .
Federal Aeronautics Administration (FAA) specifications require that WAAS will provide 7.6 m horizontal accuracy, a sizable improvement on the 10 -15 m accuracy that is usually specified for most consumer-grade GPS units gathering data autonomously. Quarterly testing by the FAA shows that WAAS accuracy is typically substantially better than the required 7.6 m accuracy, with tests from the first quarter of 2008 indicating that 95% horizontal and vertical accuracy at all evaluated sites were less than 2 m for both WAAS operational service levels (FAA 2008).
Polyline Generalization
Polyline "simplification" is a process of reducing the number of points present on a polyline while still approximating the shape of the original polyline. One of the two algorithms used in ESRI ArcGIS tool Simplify Line is the Point Remove, which is based on the Douglas and Peucker algorithm with enhancements. In the Douglas and Peucker algorithm, the first and last points of a polyline are connected by a trend line and remaining points are tested for closeness to that edge. If any of the points are further from the edge than the specified tolerance, a new polyline is formed that has two edges. The other is the Bend Simplify algorithm that uses shape recognition techniques to detect bends, analyze their characteristics, and eliminate the insignificant bend based on specified parameters. In this method a linear feature is seen as a series of bends. Each bend is compared to a half circle, the diameter of which equals the specified generalization tolerance. This comparison determines whether the bend is kept or replaced by a line connecting the bends endpoints (ESRI 2008 , Wang 1996 .
Polyline "smoothing" in ArcGIS uses the Smooth Line tool to smooth a line, improving its aesthetic quality using either the polynomial approximation with exponential kernel algorithm (PAEK) or the BEZIER algorithm. PAEK calculates smoothed lines using a continuous local averaging technique with a convolution kernel. The BEZIER algorithm option of this tool combines two steps, the first of which is simplification to reduce the number of vertices in the original data, producing a subset. The tool then fits Bezier curves through each line segment of the subset along an input line. The Bessel tangent is used to make those curves connect smoothly at vertices. A study by Tachiki et al. (2005) evaluated the effects of polyline generalization on consumer-grade GPS under two levels of forest canopy. It found that the effects of polyline generalization were not statistically significant with respect to the calculation of area but were significant with respect to the calculation of perimeter.
Methods
This study was undertaken during early May 2010 to evaluate the ability of consumer-grade GPS units to dynamically measure a polygon or a polyline which forms later as a polygon, which was used to calculate perimeter and area under three forest cover types. This was accomplished by: (1) delineating the boundaries of the three study sites and then performing a conventional survey to record and calculate true position, perimeter, and area statistics; (2) recording perimeter and area statistics for each study site with four different consumer-grade GPS units; (3) comparing surveyed perimeter and area to perimeter and area derived from respective GPS units; and (4) comparing perimeter and area statistics after polygon generalization techniques were applied to the files derived from the GPS units.
The study area was comprised of three separate, approximately 30-acre study sites of distinct age and composition established in three adjoining stands located in Tyler County, Texas. Each study site was located within a half mile radius of each other to facilitate rapid data collection by simplifying logistics. The sites were gently to moderately sloped and situated at approximately 240 -270 ft above mean sea level. Species composition was predominantly loblolly pine (Pinus taeda), with an understory of yaupon (Ilex vomitoria), sweet gum (Liquidambar styraciflua), Florida maple (Acer barbatum), Chinese tallow (Sapium sebiferum), and flowering dogwood (Cornus florida) as the primary species.
The first study site was a 3-year-old pine plantation with 10% canopy cover, nearly open to the sky on the interior, and canopy cover around the boundary. The second site was a 13-year-old pine plantation with an average 75.5% canopy cover. The third site was a thinned mixed pine/hardwood stand approximately 40 years old with an average percent canopy cover of 73.4%. For all sites average canopy closure was determined using a spherical densitometer, collecting measurements spaced equally around the perimeter of each study site.
Four consumer-grade GPS units, identified in Table 1 , were chosen for their price, features, and availability, and set up to take advantage of any real-time corrections available to the GPS unit. The Trimble Juno ST has capabilities for both real-time (SBAS) and postprocessed differential correction using the Trimble GPSCorrect Extension to ArcGIS. The Delorme Earthmate Blue Logger is capable of applying real-time (SBAS) and postprocessed corrections using the GPS PostPro2 software, which unfortunately has been unavailable since mid-2008. The Garmin ETrex Legend Cx and the Garmin Oregon 300 are capable of applying SBAS corrections.
The study sites were first delineated, and vertices or points of intersection along the perimeter were established and marked with stakes and flagging tape. A lane was established and cleared between each vertex, with a rectilinear line delineated by a string stretched between vertices and painted with fluorescent orange marker paint for ease of identification while in the field. Brush and small trees less than 2 in. were cleared to create an approximately 4-ft wide trail. An attempt was made for each point of intersection of the trail to be at least 200 ft long, but this was not practical for some places.
Each site was surveyed by Donald Ogden, Texas Registered Professional Land Surveyor, using a Topcon GTS-325 Total Station. The angle and distance between each of the points of intersection were measured twice to minimize error in the conventional survey. After the survey of each site was completed, the total perimeter and acreage of each site was computed by Donald Ogden. Total perimeter length and enclosed area were calculated by connecting each of the points to provide a true baseline assessment of perimeter and area including relative precision, which calculates the ratio between the linear misclosure of a closed-polygon traverse and the total traverse length when plotting the polygon (Table 2) .
A 6 ϫ 18 in. platform for the back of an all-terrain vehicle (ATV) was constructed for the mounting of all four GPS units for simultaneous data collection. This platform placed the GPS units at 5 ft 4 in. above the ground, just higher than the ATV driver, to minimize any direct blockage of signal from either the ATV or its pilot. Each GPS unit had a designated place on the platform and was secured to the platform using zip ties before each data collection day.
Prior to data collection, all GPS units were powered on and allowed to run for 30 minutes in a nearby area with minimal obstruction of the sky to ensure that as many satellites as possible were identified by each GPS unit and incorporated into the solution. WAAS was enabled on each GPS unit. Data collection was enabled at the starting point for each GPS unit, and the perimeter of each site was driven at a slow steady pace of approximately 3-4 mph following the line delineated in orange between marked vertices to allow for the dynamic data collection. The ATV was driven at 3-4 mph to mimic the average walking speed of a field forester. An ATV was chosen for data collection due to the length of all three perimeters ranging from 4,462 to 6,290 ft. Waypoint collection due to the use of an ATV in lieu of walking did not bias data collection since only stems less than 2 in. in diameter were removed resulting in no effect on canopy multipath error. Each study site was recorded twice within each test day-one in the early morning (8:00 -11:00 am) and the other in the afternoon (3:00 -6:00 pm). The study times were not chosen with the intent to conduct the testing during times of highest satellite availability but rather to conduct the testing during times of the day when a field forester would most likely be collecting data in the field. A total number of six rounds of GPS boundary surveys were conducted for each GPS unit in each of the three sites. One exception is for the eTrex unit, which had a total of eight runs on the 3-year site. However, some units failed to capture the boundary feature during field operation and resulted in a sample size less than six.
On completion of the data collection phase, data from each GPS unit were loaded into ArcGIS for analysis. In most cases, this step required an intermediate program to import data from the GPS units and another program to export the GPS file as a polyline shape file. The Garmin GPS units used Garmin Basecamp, and the Delorme Earthmate Blue Logger used Blue Logger Manager to import the files into the computer, while the output from the Trimble Juno ST was directly imported into ArcGIS. The output of the Garmin Basecamp program was converted into a polyline shape file using Expert GPS, a software package produced by TopoGraphix. The output of Blue Logger Manager was a comma delimited text file that first had to be processed in Microsoft Excel and then imported into ArcGIS using the Make XY Event Layer tool.
Once imported into ArcGIS 10.0, these polyline shape files were projected into Universal Transverse Mercator (UTM) NAD83 Zone 15 North and converted into polygons using the "Make one polygon from polylines" tool in XTools 7.1 extension for ArcView. In many cases, this required the removal of extraneous points gathered at the beginning and the end of each collection cycle. In the case of intersections of points that prohibited the creation of a polygon, points were removed with as minimal disturbance as possible to the integrity of the line; often this was accomplished with the removal of a single point. Next, total perimeter in feet and acreage were calculated for each polygon using Xtools 7.1 "Calculate" tool. Postprocessing was then performed using two polyline generalization tools, Simplify and Smooth (Figure 2 ). With the Simplify tool, the point remove generalization algorithm was used with a maximum allowable offset of 10 ft. The Smooth tool used the PAEK algorithm with a smoothing tolerance of 10 ft. Following each polyline generalization technique the perimeter and total acreage was again calculated and recorded. Given that simplify and smoothing generalization were applied to the data collected via an ATV in lieu of walking, removing extraneous points or fitting the data to a curved line for simplify smoothing, respectively, to correct for multipath error would not affect observation error.
To assess the level of GPS error, RMSE was calculated between the GPS measured and the surveyed baseline, for both perimeter and area (Equation 1).
This was calculated for each GPS unit within each study siteone with no polyline generalization, one after Simplify polyline generalization, and one after Smooth polyline generalization.
To test for statistical difference on the errors, a three-way Model I Analysis of Variance (analysis of variance [ANOVA]) was conducted, for both perimeter and area. The error comparing each GPS observed value to its true (surveyed) value in absolute form was used as observed values for the analysis. The statistical test was based on a 0.05 level of significance. The three main effects tested were GPS unit (n ϭ 4), forest cover type (n ϭ 3), and postprocessing (n ϭ 3).
Results and Discussion
The average percent canopy cover was very close between the 13-year-old loblolly pine plantation and the 40-year-old mixed pine/hardwood study site with 75.5 and 73.4% canopy cover, respectively. The 13-year-old loblolly pine plantation and the 40-year-old mixed pine/hardwood study sites differed substantially in approximate stems per acre with respective numbers of 375 and 90, as well as average height at 36.6 and 74.5 ft. The 3-year-old loblolly pine plantation had a canopy cover of 10.0%. The variable stand conditions between study sites may have contributed to the RMSE errors observed, both on perimeter and area calculations.
Perimeter
A summary of mean perimeter RMSE by GPS unit type, polyline generalization type, and forest cover type can be found in Table 3 . For the 3-year-old pine plantation, the Delorme Earthmate Blue Logger with smooth generalization had the lowest average RMSE at 20.18 ft (0.32%). For the 13-year-old pine plantation, the Garmin eTrex Legend Cx with smooth generalization had the lowest average RMSE at 22.43 ft (0.50%). In the 40-year-old mixed pine/ hardwood stand, the Garmin eTrex Legend Cx without generalization had the lowest average RMSE at 18.72 ft (0.41%) ( Table 3) . According to RMSE, on average the Smooth polyline generalization technique slightly increased perimeter accuracy in several of the GPS (6) units. The average perimeter RMSE across all GPS units was nearly 7.5 ft lower than with no polyline generalization and approximately 20 ft lower than the Simplify polyline generalization technique. The range of mean RMSE for the perimeter was not as dramatic with the lowest (40-year-old pine/hardwood by Garmin eTrex Legend Cx without generalization) having 18.72 ft (0.41%) error and the highest (13-year-old pine plantation by Trimble Juno ST with simplification) at 108.50 ft (2.43%).
In the ANOVA, the two-way interaction between GPS unit and postprocessing for the absolute error (AE) of perimeter is significant (P ϭ 0.0020), while all other interaction terms are not significant (P Ͼ 0.3) ( Table 4) . Because this interaction is highly significant, we cannot directly interpret the results for the three main effects without first considering this interaction (Figure 3) . We analyzed the least square means for the levels within this interaction and found three significant results: two within the Simplify postprocessing method and one within the Smooth postprocessing method. For the Simplify method, the AE for the eTrex unit was significantly greater than the Blue Logger unit (P ϭ 0.0237) while AE for the Juno unit was significantly greater than the Oregon unit (P ϭ 0.0003). For the Smooth method, the AE for the Juno unit was significantly greater than the eTrex unit (P ϭ 0.0345). We conclude that all four GPS units perform similarly when no postprocessing is done. We also conclude that for the Simplify postprocessing method, the Blue Logger and Oregon units outperform the eTrex followed by the Juno GPS units; for the Smooth postprocessing method, the Blue Logger, Oregon, and eTrex GPS units perform similarly but outperform the Juno GPS unit.
Forest cover did not significantly interact (P Ͼ 0.7) with GPS unit or postprocessing. This result allows for interpretation of this simple effect. Error in perimeter significantly differed (P ϭ 0.0251) between the three forest cover types. We analyzed the least squares means for forest cover and found that error in perimeter was not significantly different (P ϭ 0.8535) between the 3-year-old and 13-year-old forest cover types, but the error in perimeter was significantly higher (P ϭ 0.0262) for the 40-year-old cover type.
Area
With regard to area error, essentially the same outcome was observed as with perimeter but more clearly defined (Table 5 ). For the 3-year-old pine plantation, the Trimble Juno ST without any generalization had the lowest mean RMSE of 0.07 acres (0.22%). For the 13-year-old pine plantation, the Garmin eTrex Legend without any polyline generalization had the lowest mean RMSE of 0.29 acres (1.03%). In the 40-year-old mixed pine/hardwood plantation, the Delorme Earthmate Blue Logger without any polyline generalization had the lowest mean RMSE of 0.43 acres (1.43%). The means of Smooth area RMSE were almost exactly the same as those with no generalization, while the Simplify increased the RMSE slightly by four-hundredths of a point.
The two-way interaction between forest cover type and postprocessing for the absolute error (AE) of area is barely significant (P ϭ 0.0456), while all other interaction terms are not significant (P Ͼ 0.9) ( Table 6 ). We analyzed the least square means for the levels within this interaction and found that within each level of forest type, only the eTrex AE was significantly less than the Oregon AE (P ϭ 0.0001) for the 40-year-old forest cover type (Figure 4) . Because the interaction of the eTrex GPS unit and the 40-year-old forest cover type was the only significant crossover effect, interpretation of some GPS unit and forest cover simple effects is roughly possible. AE for the 3-year-old forest cover type (AE ϭ 0.1600 acre) is significantly lower (P ϭ 0.0002) than the 13-year-old forest cover type (AE ϭ 0.4824 acre) and 40-year-old forest cover type (AE ϭ 0.6800 acre, P Ͻ 0.0001). The 13-year-old cover is significantly lower (P ϭ 0.0427) than the 40-year-old cover, except for the eTrex unit. Thus, the lowest AE is associated with the youngest forest, followed distantly by the middle then oldest aged forests in most cases. AE for the Oregon unit (AE ϭ 0.6758 acre) is significantly higher than the Juno unit (AE ϭ 0.4119 acre, P ϭ 0.0190), the Blue Logger unit (AE ϭ 0.3458 acre, P ϭ 0.0043), and the eTrex unit (AE ϭ 0.3300 acre, P ϭ 0.0007). AEs for all other GPS units are not significantly different. There are no significant differences in AE of the postprocessing methods (P Ͼ 0.9).
Summary and Conclusions
The Delorme Earthmate Blue Logger GPS unit had a respectable average area RMSE, the second lowest average perimeter RMSE, and a long battery life in addition to being the most inexpensive GPS unit. But in practice, it was the hardest to use because it lacks even a rudimentary graphical user interface. In addition, it also had the highest failure rate, five out of the 18 runs. The Garmin eTrex Legend Cx performed very well on average with a low average area RMSE, and the lowest average perimeter RMSE. The Garmin eTrex Legend Cx was also reasonably easy to use and was the second most inexpensive GPS unit in the study. The Trimble Juno ST had the lowest average area RMSE but was almost double the price of the second most inexpensive GPS unit (Garmin Oregon 300). The Garmin Oregon 300 had the most intuitive user interface and was the easiest GPS unit to use, but it had the highest area RMSE under all forest cover types. In terms of accuracy based on the statistical test on AEs, forest cover type has an impact on area estimation but not perimeter estimation. An older plantation with denser canopy introduces more errors such as multipath error that is in agreement with the RMSE calculation. We also discovered that postprocessing method has an impact on perimeter estimation but not area estimation. Differences in performance exists between GPS units for both area and perimeter estimation. In most cases, the least expensive GPS unit, Blue Logger, outperforms the most expensive GPS units but also has the highest failure rate.
The 3-year-old pine plantation achieving the lowest mean AE on area measurement was attributed by its low canopy cover and low tree height. Oderwald and Boucher (2003) calculated that using a dot grid to estimate area from an aerial photo would have a 3.5% area error while estimating area based on cruise line lengths introduced up to an 8% error. The highest mean percent area error in this study was just under 3% and well within the results obtained by Oderwald and Boucher (2003) . In addition, Linehan (2006) indicated that the use of consumer-grade GPS receivers could be used with proper training as accuracy assessment as an alternative to more expensive units. If forest area measurement is the sole goal without concerns for perimeter length, using raw GPS data for area calculation without any generalization process will be satisfactory as no generalization method was found resulting in higher accuracy.
The use of a GPS unit in a forest environment presents many challenges for the user as the forest canopy blocks and degrades satellite signals and tree structure introduces multipath error. However, the dynamic collection of points for the determination of area is much more accurate than traditional methods in open conditions and comparable to traditional methods even under heavy canopy. For many forestry applications, these levels of accuracy should be more than sufficient.
If a practicing forester is solely interested in collected waypoints accuracy and is not concerned about geodatabase development associated with more expensive GPS units then consumer-grade units will suffice in deriving perimeter and area assessments. However, a field forester must make an informed decision of the accuracy needed for each application. For simple linear and area estimation, such as mapping out a clearcut and estimating total acres to order seedlings, an error of 3-5% should suffice. If contracting fire lanes and paying by the quarter mile, a perimeter error of 100 ft in a mile may be well within reason. On the other hand, when surface damages are tabulated by the foot for oil and gas, static collection with a mapping grade GPS or an actual survey may better serve the needs of a field forester.
